Catheter-based radiofrequency (RF) renal denervation (RD) has been used in clinical trials to treat patients whose hypertension is not normalized with pharmaceutical treatment. Patients treated with EnligHTN RD system have been shown to have an average decrease in office blood pressure (BP) of −27 mm Hg systolic and −11 mm Hg diastolic and ambulatory BP reduction of −7/−4 mm Hg after 1 year of follow-up. 1 However, a recent large clinical trial, Symplicity HTN-3, failed to demonstrate a major fall in BP after RF RD in patients with resistant hypertension 2 ; various explanations for the lack of efficacy of RD have been proposed to explain these surprising findings, including the efficacy of the RD procedure.
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In most previous studies of RF RD, the efficacy of denervation has not been verified. Renal norepinephrine (NE) spillover has been used in a small number of human studies to determine efficacy of RF RD, while renal tissue NE reduction is sometimes used in animal studies. We recently showed that catheter-based RD in obese dogs decreased renal NE content by 42%. 3 Krum et al. 4 have shown that catheter-based RD leads to a 47% decrease in renal NE spillover following RD. For RF RD to be effective, it is critical to have sufficient RF energy delivered to the appropriate sites along the renal artery. However, verification of the efficacy of RD has not been adequately tested in most previous studies.
The most common locations used to deliver RF energy to the renal nerves are across the main renal artery, prior to any branching. While this approach may cause a significant decrease in renal NE, it is not known if the main renal artery is the most efficient site for RF-based RD to lower renal tissue NE and cause effective denervation of the kidney. Thus, the current study was conducted to determine if performing catheter-based RD near the ostium, in the main renal artery near the bifurcation, or in the extrarenal arterial branches would have the greatest effect on renal NE levels, a reliable index of functional denervation of the kidneys.
acepromazine and atropine and then anesthetized with telazol and xylazine. After placement of an endotracheal tube, isoflurane anesthesia was administered for the duration of the surgical procedure. An 8F JR4 guide catheter was placed in the femoral artery and advanced to the level of the renal arteries using angiography. Once in the renal artery an image was taken, the guide catheter was withdrawn from that renal artery and placed in the contralateral renal artery. If there were no anatomic anomalies, the kidney to be denervated was chosen at random. In addition, the location of the denervation along the renal artery was chosen at random. RD was performed at the ostium (n = 4), in the main renal artery near the bifurcation (n = 5), or within the 2 main extrarenal branches of the renal artery (n = 5, Figure 1A) .
Catheter-based RD was performed using the EnligHTN System (St. Jude Medical) that consists of an expandable basket with 4 electrodes to deliver the RF energy. The RF energy was applied for 90 seconds per electrode in a temperature control mode set to a maximum temperature of 75 °C. When the delivery of the energy was completed, the basket was closed, the denervation catheter was removed, and the guide catheter was advanced into the artery for angiography to assess any vessel reaction. The guide catheter was removed and the incision closed. The pigs were then allowed to recover and euthanized 14 days later.
At the time of euthanasia, kidneys with the attached renal arteries were removed. Six sections of renal cortex were flash frozen from each kidney and stored for renal NE measurements. The frozen pieces of renal cortex were homogenized in glutathione and EDTA buffer, centrifuged to remove cell parts, and the supernatant collected. All steps were performed on ice or in a refrigerated centrifuge. Samples were analyzed for NE by high-performance liquid chromatography.
Histological analyses
The renal arteries were cut into equal transverse sections from the aorta to the kidney, fixed, and embedded in paraffin. This resulted in 6-13 blocks depending on the length of the renal artery. Five-micron sections were taken from all blocks processed. Sections were assigned to 1 of 3 areas: the distal (close to the kidney), the middle, and the proximal ( Figure 1B ). All sections were stained with hematoxylin-eosin. Sections were examined for the total number of nerves, number of injured nerves, cross-sectional area of the nerve, and the distance measured from nerves to the renal artery lumen-intima interface. The observer was blinded to the source of tissue in the sections.
Statistical analyses
Data are presented as mean ± SEM. Kidney NE content differences were tested with 1-way analysis of variance with Holm-Sidek multiple comparison post hoc test. Histological data for RD animals were compared using 1-way analysis of variance if normally distributed and Kruskal-Wallis 1-way analysis of variance on ranks if the data were not normally distributed. Statistical significance was considered at a value of P < 0.05.
RESULTS
Catheter-based RD was conducted without complications in all animals. Catheter-based RD resulted in a significant decrease in renal NE content measured by high-performance liquid chromatography regardless of where in the artery the RD took place. However, as shown in Figure 3 , RD in the extrarenal branches of the artery resulted in a 74% reduction (P < 0.05) in renal NE compared to 45% reduction (P < 0.05) when RD was performed near the bifurcation in the main renal artery and only 12% reduction (not significant) when performed at the ostium. Figure 4 shows the total number of nerves examined from all sections from all animals in the proximal, middle, and distal areas. The most abundant supply of renal nerves was observed in the distal and middle areas of the renal artery and fewer nerves were found in the proximal area. While there were fewer nerves in the proximal area, the proximal nerves tended to be much larger than the nerves found in the middle and distal sections of the renal artery ( Figure 5 ). In addition, the average distance measured from the renal artery endothelial/lumen junction to the renal nerves was greatest in the proximal area and smallest in the distal area of the renal artery ( Figure 6 ). Figure 7 shows the cumulative percent of nerves as a function of distance from the lumen-intima interface. When examined from 0 to 3.0 mm from the lumen-intima, there were 86%, 92%, and 96% of nerves included of the proximal, middle, and the distal segments, respectively, implying that a 3.0-mm lesion depth could result in more than 90% nerve injury provided circumferential lesions occurred. Similarly, a 2.5-mm lesion depth could lead to about 73% injury of the nerves in the proximal segment, while it could cause about 84% nerve injury if lesions occurred in the middle section circumferentially. However, up to 93% nerve injury would occur if lesions occurred in the distal segment circumferentially. Over 98% of the nerves examined were within 3.5 mm measured from the lumen-intima interface regardless if the sample came from the near the ostium, the middle section, or the extrarenal branches of the renal artery. 
DISCUSSION
The current study shows that in RF catheter-based RD, the location of energy delivery has an important effect on the efficacy of the denervation. Performing the RD with the catheter electrodes in the extrarenal branches produced the greatest decrease in renal NE, a reliable marker of renal sympathetic nerve denervation, when compared to RD originating in the main renal artery near bifurcation or near the ostium (Figure 3 ). This study also shows that the renal nerves are unevenly distributed along the length of the renal artery with nerves being larger and further away from the artery in the proximal portion of the renal artery, and smaller and closer to the artery in the distal areas toward the kidney.
Catheter-based RD has been shown to lower BP in patients with resistant hypertension 1, 5 and in obese dogs. 3 The decrease in BP after RF RD is thought to be caused by damage to the renal sympathetic nerves, which, in turn, has multiple effects that tend to lower BP, including reductions in renal tubular reabsorption and decreased renin release. Although only a few studies have assessed the efficacy of RF RD procedures, Esler et al. found that renal NE turnover decreased by 47% in patients immediately following catheter-based RD. In addition, our laboratory has shown that catheter-based RF RD caused a 42% decrease in renal NE levels 8 weeks after RD in obese dogs. 3 Both of these studies reported a significant decrease in BP after RD.
Although there have been no previous studies, to our knowledge, that have specifically examined the quantitative relationship between renal NE levels and BP reduction after RF RD, surgical RD appears to produce a greater decrease in BP in obese dogs than catheter-based RD. Studies by Kassab et al. 6 showed that surgical RD, which decreased renal NE by 92%, almost completely prevented the rise in BP in obese dogs. Lohmeier et al. 7 also found that surgical RD almost completely normalized BP in obese dogs with established hypertension. With RF-based RD, we observed a 42% fall in renal NE and a smaller decrease in BP than previously reported with surgical RD, which produced a much greater decrease in renal NE. 3 Similar observations have been reported in clinical studies. Id et al. 8 recently reported that patients with accessory renal arteries had less BP reduction following RF-based RD than patients without accessory renal arteries. Thus, it appears that the amount of BP decrease following RF-based RD may be directly related to the efficiency of the denervation procedure.
Most studies in humans and animals using catheter-based RF RD to lower BP have performed the RD in the main renal artery. While RD in this location reduces renal tissue NE levels and renal NE spillover, the main renal artery may not be the optimal site for catheter-based RF RD. The current study suggests that performing catheter-based RD in the extrarenal branches provides a more efficacious treatment since RD in this location lowered renal NE by 74% (Figure 3) .
Initially, it was not clear why performing RD in the extrarenal branches of the renal artery would result in a further decrease in renal NE compared to RD performed in the main renal artery near the bifurcation or near the ostium. We hypothesized that the renal nerves in the extrarenal artery branches may be closer to the renal artery lumen and thus closer to the source of RF energy generated by catheterbased RD. In addition, there are only a few studies that have examined the distribution of renal sympathetic nerves along the longitudinal axis of the renal artery. [9] [10] [11] [12] Thus, we examined histological cross-sections, cut from the entire length of the renal artery, for nerve numbers, size, and distribution. We found that the nerves located in the proximal renal artery histological sections were further away from the endothelium-lumen interface of the artery. Atherton et al. 9 reported that the renal nerves were farthest from the renal artery luminal surface in the proximal regions and got closer to the renal artery in the more distal regions of the artery in human cadavers. In our study in pigs the renal nerves near the extrarenal branches were also closer to the artery lumen than those in the middle section of the main artery ( Figure 6 ). Atherton et al. 9 also reported that the number of renal nerves increased along the length of the renal artery going from the proximal to the distal sections in humans. We also found that there were fewer nerves along the proximal renal artery compared to the middle and distal histological samples of the renal artery. Renal nerves in the proximal sections of the renal artery were also much larger than more distal nerves. There was no significant difference found in the cross-sectional area or the total number of nerves observed in the middle or distal areas (Figures 4 and 5) .
The distance of the nerves from the renal artery lumen and the number and size of the nerves in proximal area of the renal artery could explain the minimal decrease in renal NE after performing catheter-based RF RD near the ostium. Atherton et al. 9 reported that approximately 90% of the renal nerves are located within 2.0 mm of the endotheliallumen border of the renal artery. In that study, it appears that the nerves were only examined out to 2.5 mm so there may have been nerves that were missed beyond the first 2.5 mm. Virmani 10 examined human cadaver renal arteries and found that nerves were located up to 8-10 mm from the lumen-endothelial surface. The distribution of renal nerves around the renal artery in pigs is similar to what we reported for obese dogs with over 98% of the renal nerves located within 3.5 mm of the renal artery lumen-intima interface.
RF energy delivered from a catheter in the renal artery creates heat that penetrates the artery wall and surrounding tissue, causing injury to the nerves. The heat is greatest at the electrode/artery interface and decreases as the energy travels through the tissue. The depth of this penetration is determined by various parameters of the generator, including the wattage and duration of RF energy delivery, and the contact between the electrode and the artery lumen. Thus, with all other factors being equal, the more nerves that are close to the electrodeartery interface, the more nerve injury that will occur from the RF energy that is delivered. While this is true for RF energy, this relationship may not be as predictable for other catheterbased methods of inducing renal nerve renal injury.
When the distance of renal nerves from the renal artery lumen was analyzed, we found that the nerves in middle sections were closer to the renal artery endothelial-lumen interface than those in the proximal segment, while nerves in the distal section were the closest to the endothelial-lumen interface ( Figure 7 ). In fact, in the distal sections, 79% of the nerves were located within 2.0 mm from the endotheliallumen interface compared to about 69% in the middle and 57% proximal sections. This implies that RD could be more effective in the distal section (in the extrarenal branches); this was confirmed by much greater reductions in renal tissue NE when the RF RD procedure was performed in the extrarenal branches in the distal section of the renal artery.
One possible explanation for the increased effectiveness of RD performed in the renal artery branches is the possibility that more of the neurons located at the level of the branches actually go into the kidney and the nerves are the closest to the endothelium-lumen interface. Reddy et al. 13 have shown that the tunica media of the main renal artery has significant sympathetic innervation and that these nerve terminals are derived from the renal nerves. Therefore, it is likely that the closer the renal artery gets to the kidney, the greater the percentage of nerves that actually enter the kidney instead of branching off to innervate the vasculature or other structures.
Tzafriri et al. 15 also recently reported in pigs that the innervation pattern of nerves and ganglia should be taken into consideration when catheter-based RD is performed near the ostium. They showed that nerves and ganglia are farthest from the renal artery lumen and not homogeneously distributed around the renal artery near the aorta. In addition, when they performed catheter-based RD at the ostium only 1 of 8 animals had a significant decrease in renal NE, which correlated directly with the amount of renal nerve injury. These findings are consistent with our observations that endovascular methods of RD may be more effective when performed in the distal sections of the renal artery, near the bifurcation, compared to the more proximal portions.
Another factor that may affect the efficiency of RF-based RD in different parts of the renal artery is the thickness of the artery. In the main renal artery, there is a substantial tunica media compared to the smaller branches of the renal artery closer to the kidney. Our data showed that 50% of the nerves located in the distal sections of the artery were injured when the RD occurred in the renal artery branches, while only 33% of the nerves in the middle sections were injured following RD in the main renal artery. More experiments are needed to determine the reasons that RD in the renal artery branches is more effective in lowering renal NE.
One limitation to the current study that might be perceived is that BP was not measured. However, the main goal of this study was to determine if performing RD in different locations in the renal artery would result in more effective lowering of renal NE. We chose to denervate 1 kidney while allowing the contralateral kidney to serve as a control for optimal statistical comparisons. In addition, our studies were conducted in normotensive pigs and we did not anticipate that denervation of only 1 kidney would produce significant changes in BP; our previous studies showed that denervation in normotensive animals had no significant effect on BP. 14 The current study was not designed to test the safety of RD from the branches of the renal artery. While there were no safety issues 2 weeks after RD in the animals used in this study, further studies are needed to determine the long-term safety of RD performed in the renal artery branches prior to large clinical trials.
In conclusion, the current study shows that catheterbased RF RD lowers renal NE levels. However, catheterbased RD performed in the branches of the renal artery, closer to the kidney, produced the greatest decrease in renal NE. This may be due to RF-based RD causing a greater percentage of nerves to be injured at this more distal location because of the smaller size and close proximity of the nerves to the artery endothelium-lumen interface in the branches. These results suggest that future clinical trials using catheterbased RD should consider performing RD in the renal artery branches once safety has been confirmed.
